We present infrared observations of 66 starburst galaxies over a wide range of oxygen abundances, to measure how metallicity affects their dust properties. The data include imaging and spectroscopy from the Spitzer Space Telescope, supplemented by groundbased near-infrared imaging. We confirm a strong correlation of aromatic emission with metallicity, with a threshold at a metallicity [12+log(O/H)] ∼ 8. The large scatter in both the metallicity and radiation hardness dependence of this behavior implies that it is not due to a single effect, but to some combination. We show that the far-infrared color temperature of the large dust grains increases towards lower metallicity, peaking at a metallicity of 8 before turning over. We compute dust masses and compare them to HI masses from the literature to derive the gas to dust ratio, which increases by nearly 3 orders of magnitude between solar metallicity and a metallicity of 8, below which it flattens out. The abrupt change in aromatic emission at mid-infrared wavelengths thus appears to be reflected in the far-infrared properties, indicating that metallicity changes affect the composition of the full range of dust grain sizes that dominate the infrared emission. In addition, we find that the ratio L(8 µm)/L(TIR), important for calibrating 24 µm measurements of high redshift galaxies, increases slightly as the metallicity decreases from ∼ solar to ∼ 50% of solar, and then decreases by an order of magnitude with further decreases in metallicity. Although the great majority of galaxies show similar patterns of behavior as described above, there are three exceptions, SBS 0335-052E, Haro 11, and SHOC 391. Their infrared SEDs are dominated energetically by the mid-IR near 24 µm rather than by the 60 − 200 µm region. In addition, they have very weak near infrared outputs and their SEDs are dominated by emission by dust at wavelengths as short as 1.8 µm. The latter behavior indicates that the dominant star forming episodes in them are extremely young. The component of the ISM responsible for the usual far infrared emission appears either to be missing, or inefficiently heated, in these three galaxies.
INTRODUCTION
One of the early discoveries of infrared astronomy was the substantial infrared output of star forming galaxies (Kleinmann & Low 1970) . It quickly became apparent that the infrared emission was ubiquitous and represented a substantial portion of the bolometric output associated with recent star formation, since most of the ultraviolet and optical emission of the young stars is absorbed and re-emitted in the infrared (Rieke & Low 1972; Rieke & Lebofsky 1979; Soifer et al. 1987) . Since then, this phenomenon has been studied extensively (as summarized in many reviews, e.g., Telesco (1988) ; Moorwood (1996) ; Sanders & Mirabel (1996) ; Kennicutt (1998) ; Genzel & Cesarsky (2000) ; Sauvage et al. (2005) ; Lagache et al. (2005) ). To first order, this work has established that the overall properties of the best-studied star-forming and infrared-luminous galaxies are dependent on two parameters: age and luminosity. Thus, the spectral energy distributions have been fitted with templates that vary primarily with luminosity (e.g., Devriendt et al. (1999) ; Chary & Elbaz (2001) ; Dale & Helou (2002)) , and stellar population synthesis models demonstrate how the characteristics of the galaxy evolve with the age of the dominant star-forming episode (e.g., Rieke et al. (1993) ; Leitherer & Heckman (1995) ; Engelbracht et al. (1998) ).
The initial studies of infrared galaxies were largely confined to relatively luminous, massive, and hence metal-rich examples. Indications that metal-poor lowluminosity galaxies might behave differently were found in the extensive mid-infrared spectroscopic survey by Roche et al. (1991) . With improvements in sensitivity and sophistication of mid and far infrared instrumentation, it has become apparent that metallicity -and the accompanying changes in the hardness of the UV radiation field -constitutes a third critical parameter influencing the overall infrared properties of star-forming galaxies. The most dramatic dependence applies to the mid-IR aromatic features (sometimes termed "PAH" features). In high metallicity galaxies, these features are quite similar in strength and other properties (Roche et al. 1991; Dale et al. 2007 ). Spectra obtained with the Infrared Space Observatory (ISO) showed that they are significantly weaker in a number of low-metallicity galaxies Madden 2000; Galliano et al. 2003 Galliano et al. , 2005 . Observations with Spitzer have confirmed this trend and indicated that there is a fairly sharp transition in the relative aromatic feature strength near a metallicity of 12 + log(O/H) = 8 (Houck et al. 2004; Engelbracht et al. 2005 ; Wu et al. 2006 ; Madden et al. 2006) .
Is the change in aromatic feature characteristics a direct result of the low metallicity, or is the fundamental effect due to the increased hardness of the interstellar UV radiation field in low metallicity environments? Is the change confined to the aromatic carriers, or do other components of the interstellar dust undergo changes also? With the sensitivity of Spitzer, it is possible to explore these questions. In this paper, we describe infrared measurements of a sample of 66 star-forming galaxies over a very wide range of oxygen abundances (which we treat as measurements of the total metallicities), 7.1 ≤ 12 + log(O/H) ≤ 8.85. We find systematic changes in the behavior of the far-infrared color temperatures and in the dust masses near the same metallicity where the aromatic feature strength appears to change. Thus, near this metallicity, there may be a general change in dust properties over the full range of sizes and compositions that contribute to the observed infrared emission.
In addition to providing insights to the composition and behavior of the interstellar dust, an understanding of galaxy behavior with metallicity is necessary to interpret infrared observations of galaxies at high redshift, where their metallicities are observed to be lower (by up to a factor of order two) than locally (Liang et al. 2004 ; Mouhcine et al. 2006; Rupke et al. 2007 ). Since our study includes this range in the overall context of infrared behavior with metallicity, we can compare with the observed infrared properties at high redshift. We find evidence for an increase in L(8 µm)/L(TIR) with decreasing metallicity down to ∼ half solar. This effect would result in overestimates of L(TIR) based on observations at 24 µm of galaxies at z ∼ 2, consistent with the bias reported by Rigby et al. (2007) in studies of luminous galaxies near this redshift.
Our discussion begins in §2 by describing the sample, how the data were reduced, and how the photometric and spectroscopic measurements were made. We describe basic properties of the galaxies in §3, including spectral energy distributions (SEDs) and luminosities. §4 describes the effects of metallicity on the galaxy infrared properties. The paper is summarized in §6.
SAMPLE AND DATA REDUCTION
The sample includes well-known starbursting or starforming galaxies from the literature, which cover as wide a range of metallicities as possible. This includes I Zw 18, which for decades since its identification as a low-metallicity galaxy (Searle & Sargent 1972) remained the lowest metallicity star-forming galaxy known, only having been supplanted in that role recently by SBS 0335-052W and DDO 68 (Izotov & Thuan 2007) . Large, metal-rich starburst galaxies like NGC 2903 and NGC 5236 (M83) are also included. The metallicity range in between is more-or-less evenly sampled, with special emphasis placed on galaxies with metallicities below 8.1 (throughout this paper, we quote metallicities as oxygen abundances in units of 12 + log(O/H) 5 , which we sometimes abbreviate as "Z"), which, as discussed in §1, is a critical metallicity for the aromatic emission in the MIR. We also gathered as many galaxies as we could find in the range below a metallicity
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The solar oxygen abundance on this scale is 8.7 (Allende Prieto et al. 2001 ).
of 7.6, where galaxies are most likely to be dominated by an unevolved stellar population . The list of sample galaxies and their metallicities and distances is provided in Table 1 . All metallicities in this paper were computed by us, using the sources indicated in the table, to ensure they lie on the same scale. Our new values are similar to those in the literature, with a mean difference of 0 and a DISPERSIon of 0.1 dex, and our new values eliminated a few significant outliers: the largest difference, Tol 2138-405, is 0.41 dex higher than the literature value. Any new distances quoted in this paper have been computed using the redshift from the NASA Extragalactic Database (NED), the Hubble flow model of Mould et al. (2000) , and H 0 = 70 km/s/Mpc. Left out of the sample were galaxies with well-known Active Galactic Nuclei (AGN).
For each galaxy in the sample, we performed imaging in the 7 photometric bands provided by the Infrared Array Camera (IRAC; Fazio et al. 2004) and Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al. 2004) instruments on the Spitzer Space Telescope (Werner et al. 2004) . We supplement these measurements with nearinfrared (NIR) imaging in the J, H, and K s bands from the literature or new measurements using the 256 × 256 infrared camera at the Steward Observatory Bok Telescope. The resulting suite of imaging covers the 1 − 180 µm range. For 43 of the targets, we also obtained (or retrieved from the Spitzer archive) spectra over the 5 − 40 µm range with Spitzer's Infrared Spectrograph (IRS; Houck et al. 2004 ).
Reduction of Imaging Data
The MIPS data (24 µm, 70 µm, and 160 µm) were generally obtained using the "photometry" mode, in which a standard set of dithered images are obtained (with 14, 10, and 2 images per cycle at 24 µm, 70 µm, and 160 µm, respectively) resulting in a full-coverage field-of-view of ∼ 2 ′ . For most sources, we obtained 2, 2, and 4 cycles of 3, 10, and 10 second images at 24 µm, 70 µm, and 160 µm, respectively, while half as many cycles were obtained for the brightest (f ν (60µm) > 10 Jy) targets. The one exception is the large, nearby galaxy M83, which was observed twice in the medium-rate scan map mode, but for which the reduction of the data was equivalent to the photometry observations. The data were reduced using version 3.06 of the MIPS Data Analysis Tool (DAT; Gordon et al. 2005) , which performs all the steps (slope fitting, calibration, and mosaicking) needed to produce an image of the target. We applied the techniques for removal of low-level artifacts and the flux calibration as described by Engelbracht et al. (2007) ; Gordon et al. (2007); Stansberry et al. (2007) at 24 µm, 70 µm, and 160 µm, respectively.
The IRAC observations generally consisted of 4 dithered 30-second images in each of 4 bands (3.6 µm, 4.5 µm, 5.8 µm, and 8.0 µm). The data were fully reduced by the Spitzer Science Center (SSC) pipeline.
The new NIR data presented here were obtained using the 256 × 256 camera at the Steward Observatory Bok Telescope, over several runs between 2000 and 2006. The typical observing sequence consists of 32, 32, and 48 dithered exposures 30, 30, and 20 seconds in length in the J, H, and K s bands, respectively. The data were reduced in a standard way, by subtracting a dark image, applying a custom flat field (made from each object's data, after masking out the source), subtracting the background, then shifting and averaging the data to make a single mosaic image for each target and band. The flux calibration was determined using stars in the field that were also measured by the 2 Micron All Sky Survey (2MASS; Skrutskie et al. 2006 ).
Photometry
Aperture photometry was performed on the imaging data using the "imexam" and "imstat" tasks in the Image Reduction and Analysis Facility (IRAF) 6 . We sized the apertures to encompass the obvious (meaning visible above the noise level) emission from each galaxy. We measured the noise in each image by computing sigma for the Gaussian that best fit the histogram of pixels in the background. We estimated confusion noise due to background galaxies by assuming the 5σ noise levels are 0.056, 3.2, and 45 mJy at 24, 70, and 160 µm, respectively (Dole et al. 2004) . (For this sample, this term is only significant at 160 µm, being greater than 50% of other noise sources for the faint and/or diffuse targets DDO 187, HS 0822+3542, SBS 1102+606, Tol 1214-277, UGCA 292, and UM 461). We converted this to a per-pixel uncertainty, assuming a source beam 2 pixels in radius. The noise appropriate to the aperture used to measure each galaxy (due both to photon noise and confusion) was then added in quadrature to the calibration uncertainty for each band: 2% (NIR; Cohen et al. 2003) , 3% (IRAC; Reach et al. 2005) , 2% (24 µm; Engelbracht et al. 2007 ), 5% (70 µm; Gordon et al. 2007), and 12% (160 µm; Stansberry et al. 2007) .
The local background level was subtracted from each measurement, typically by measuring the counts in an annular region around the source. For galaxies with low radial symmetry (i.e., edge-on galaxies or diffuse dwarfs without a well-defined center), we measured the background in a rectangular region off the galaxy, of similar size to the aperture used to measure the galaxy. The IRAC images in bands 1 and 2 typically contain many foreground stars. For any galaxy so extended (∼ 1 ′ or more) that an annular measurement would not reflect accurately this stellar contribution, we measured the "background" (which includes a Galactic foreground) off the source, in an aperture with a size identical to the one used to measure the source.
We applied aperture corrections to the IRAC and MIPS measurements to make them reflect the global flux density of each target. The aperture corrections were generally 10% or less, except for the correction to surface brightness in the IRAC 5.8 µm and 8.0 µm bands (25%; Reach et al. 2005) and in the smallest apertures for the MIPS measurements, where the corrections were as large as 17%, 51%, and 82% at 24 µm, 70 µm, and 160 µm, respectively. As the color corrections for red sources (in the Spitzer bands) approach 10%, we also applied color corrections to the IRAC and MIPS measurements, which we determined by computing the power-law index that fit the data for the band in question and the next longest band (except at 160 µm, where used the 70/160 µm ratio) and then interpolating in the color-correction tables supplied in each instrument handbook. The galaxies are well-resolved in the NIR data and have colors similar to stars, so aperture and color corrections are small and none were applied.
We present the aperture-corrected, color-corrected photometry in Tables 2 and 3 , where we have converted the NIR magnitudes to Jy using the zero points from Cohen et al. (2003) .
The coordinates of some of the galaxies in this sample (especially the faint, low-metallicity ones) available in NED are often uncertain by several arcseconds. Furthermore, for any galaxy, the peak infrared position can differ from that measured at optical wavelengths due to extinction. As a convenience for the reader, we provide coordinates measured in the shortest wavelength (and therefore highest angular resolution) Spitzer band, 3.6 µm, in Table 4. Most of the galaxies have an obvious central peak for which we measured the centroid, but a few nearby galaxies have no obvious infrared peak and the value we report is derived from ellipse fitting, as indicated in the table.
Reduction of Spectral Data
The spectral data were reduced using the S14 version of the SSC pipeline. We used the automated extractions, which treat every target like a point source. This is appropriate for many of the low-metallicity galaxies, which tend to be compact (and thus have small angular extent in this sample). For extended sources, the mismatch of the slit sizes results in offsets between spectral segments extracted from different slits. We compensate for this by applying multiplicative corrections to all the spectral segments, forcing them to match where they overlap (and taking the longest-wavelength segment, LL1, as the baseline). The typical corrections for compact sources are small, only 2%, but can range up to a factor 2.5 for extended targets.
Measurements of Spectral Features
The measurements of spectral feature were all made using PAHFIT (Smith et al. 2007) . The fluxes or equivalent widths of interesting features are listed in Table 7 .
RESULTS

Spectral Energy Distributions
We have plotted the infrared SED of each galaxy in Figure 1 . Where both 70 µm and 160 µm measurements are available, we have fit a SED model from Dale & Helou (2002) to the data. The models generally fit the high-metallicity galaxies well, but provide a less good fit at low metallicities. The fitting also shows that the suite of aromatic emission features in the MIR becomes weaker at low metallicity, relative to the FIR emission. This behavior is the primary cause of the reduction in fit quality at low metallicity.
In fact, except in the mid-IR, the SEDs of energetically star-forming galaxies do not vary much between 1 µm and 180 µm. This result is illustrated in another way in Figure 2 , where we have plotted galaxy SEDs averaged in bins of similar metallicities and normalized at 3.6 µm, which traces predominantly the stellar population. There is little scatter between 1 µm and 5 µm (e.g., the K-band fluxes vary by ∼15%), where the SEDs are dominated by starlight. This wavelength range traces the Rayleigh-Jeans tail of most stellar SEDs and is only lightly affected by extinction, and thus the shape of this part of the spectrum is insensitive to the details of the stellar population. In the FIR, the SED shapes are also very similar, indicating the dust must be at a similar temperature distribution. The small scatter also indicates that the ratio of stellar to dust luminosity does not vary substantially. The scatter goes up dramatically in the MIR, particularly the 5.8 µm and 8.0 µm bands, which contain strong contributions from the aromatic emission features. In this wavelength regime, the aromatic features are systematically weak in low-metallicity galaxies (Engelbracht et al. 2005) , which is also reflected in the photometry shown here.
There are only a few outstanding exceptions to this generally similar behavior. We discuss them in § 5 (and exclude them from Figure 2 ).
Infrared Luminosity
The similarity of the SEDs allows accurate determination of the total infrared luminosities, even with sparsely sampled SEDs. We compare two ways to compute infrared luminosities. One approach is to compute the "total infrared" (TIR) luminosity, using MIPS measurements and the formula given by Dale & Helou (2002) . This approach provides 3 − 1100 µm dust luminosities based on a set of SED templates. We compare the results using the formula to those obtained by integrating the SEDs directly. For each galaxy, we numerically integrate the dust emission from 3 − 1100 µm as follows: We interpolate linearly the stellar-subtracted measurements (from Table 6 ) between 4.5 µm and 160 µm. The dust luminosity in the shortest-wavelength IRAC band (3.6 µm) is both small and poorly determined (see § 4.2), so we simply assume the emission goes linearly to 0 from 4.5 µm to 3 µm. At long wavelengths, we assume the emission goes as a blackbody (modified by a λ −2 emissivity) between 160 µm and 1100 µm. The results are given in Table 8 , where we can see the two approaches give very similar results.
TRENDS WITH METALLICITY
4.1. Behavior with L(Hα)/L(TIR) L(Hα) and L(TIR) are two star formation indicators; L(Hα) can be taken as a measure of the relatively unobscured star formation, while L(TIR) is a reflection of the obscured portion (e.g., Pérez-González et al. (2006) ). The overall similarity of the SEDs in the NIR/MIR region independent of the relative amounts of obscured and unobscured star formation is illustrated in Figure 3 . We plot the wavelength at which the dust emission begins to dominate over the stellar emission, which we refer to as the "transition" wavelength, against the ratio of Hα to infrared luminosity. We compute the transition wavelength from the SED by fitting a parabola to the photometric data around the local minimum in the MIR where the Rayleigh-Jeans tail of the stellar population is dropping and the dust emission starts to climb. Below an Hα to TIR ratio of 1%, most of the galaxies have a transition wavelength within 10% of 4.5 µm. The scatter goes up modestly at higher ratios, with a transition near 6 µm for many cases. We show below that galaxies with high ratios also have low metallicity. Figure 3 also shows the behavior of L(Hα)/L(TIR) with metallicity. There is a strong trend of decreasing obscuration with decreasing metallicity. Star formation rates are often calculated using a relation between L(TIR) and L(Hα) due to Kennicutt (1998) , with the tie to the star formation rate through Hα. We show this relation as a dashed line in the figure. The assumed relation appears to be a reasonable average. Where L(TIR) is dominant (toward high metallicity), it can be a valid star formation indicator despite the relation in the figure, since the unobscured star formation is a small fraction of the total. However, as the metallicity decreases, the relation between star formation and L(TIR) will depart from the Kennicutt relation and L(TIR) will eventually cease to be useful by itself to determine star formation rates (see, e.g., Pérez-González et al. (2006); Calzetti et al. (2007) ; Kennicutt et al. (2007) ).
Stellar Photosphere Contribution to the MIR Bands
Global measurements of galaxies in the Spitzer bands all contain some contribution from stellar photospheres, a contribution which must be taken into account when measuring emission by dust. This contribution decreases with wavelength, both absolutely as stars are fainter and proportionally as emission by the dust becomes brighter. As we shall show, this contribution varies widely from galaxy to galaxy and can be significant, especially in the IRAC bands where it can be tens of percent.
We have measured the stellar contribution to our photometric measurements by characterizing the stellar component in the NIR, specifically the 2 to 4 µm range. This wavelength regime strikes a balance between short wavelengths, which can be heavily affected by extinction and details of the star formation history and long wavelengths, which can contain significant contributions from the dust component we are trying to measure.
We use population synthesis models to scale to longer wavelengths the stellar emission measured at shorter wavelengths. We have confirmed that the shapes of the SEDs predicted by two commonly-used population synthesis models, Starburst99 (Leitherer et al. 1999 ) and PEGASE (Fioc & Rocca-Volmerange 1997) are very similar beyond 2 µm and hardly vary with age after 5 to 15 Myr, depending on metallicity. Thus, our results are not sensitive to choice of age or model within this parameter range and so we simply adopt 100 Myr Starburst99 models as our fiducial stellar SEDs.
The wavebands available to us in the 2 − 4 µm range are K s and IRAC band 1 at 3.6 µm. The stellar fraction computed from either of these bands is subject to different systematic uncertainties. IRAC band 1 will possibly be affected by emission in the 3.3µm feature, plus it is more likely to be affected by very hot dust than the K s band. However, the K s band is more affected by extinction and sensitivity issues in the available observations -it is more difficult to recover flux from faint extended sources. We estimate the systematic error on our scaling by predicted stellar fluxes from both. The stellar fluxes scaled from IRAC band 1 tend to be higher than from the K band, by an average of 45% in our sample. We find that we can improve the agreement by correcting for extinction, which we measure using the extinction law of Rieke & Lebofsky (1985) (assuming a simple foreground screen) and the difference between the modeled and observed J−K s color. This correction improves the agreement between the predicted stellar fluxes, to 30% on average. In the absence of a clear reason to prefer predictions from one band over the other, we adopt the average of the 3.6 µm and extinction-corrected K s predictions as the stellar fraction and use the difference between the predicted values as an indication of the systematic uncertainty. The scale factors we used are presented in Table 5 , while the stellar-subtracted fluxes are presented in Table 6 .
In Figure 4 , we plot the average stellar fraction in the 3 longest IRAC bands (4.5 µm, 5.8 µm, and 8.0 µm) in bins of increasing metallicity. The upper bin edges are 7. 6, 8.1, 8.3, 8.6 , and 9.0, and were chosen to sample interesting physical regimes and to maintain a statistically useful (∼ 10) number of galaxies in each bin. The bin center is taken to be the average metallicity of the galaxies in the bin, and the value and uncertainty of each bin are the mean and root-mean-square, respectively, of the stellar fractions of the galaxies in that bin. Two trends are most evident: the stellar fraction decreases with wavelength (as expected) and, at the longer wavelengths, with metallicity. Except for a dip around a metallicity of 8, due to most of the galaxies with unusual SEDs (see § 5) landing in this bin, the stellar fraction at 4.5 µm is independent of Z, at a value of ∼ 70%, but at 8.0 µm, a strong trend is observed as the fraction decreases from 30% at the lowest metallicity to 4% around solar metallicity.
Dust Temperatures
We compute color temperatures for various infrared bands assuming the emission follows a blackbody curve with an emissivity proportional to λ −2 . Separate temperatures were determined for flux ratios at 24/70 µm, 70/160 µm, and 100/160 µm by computing the temperature of the modified blackbody curve that fit the ratio. Uncertainties on the temperatures reflecting the photometric uncertainties were computed via a Monte Carlo approach. The results are tabulated in Table 10 .
The color temperature of the two longest bands (at 100 µm and 160 µm) should be most similar to the equilibrium temperature of the dominant dust component, as those bands are expected to have little contribution from stochastic heating (cf. Popescu et al. 2000; Galliano et al. 2005) . We find that the color temperature that includes 70 µm data is generally the same within the uncertainties, indicating that, for these galaxies, the 70 µm band is also dominated by emission from dust in thermal equilibrium. We can therefore use the 70/160 µm ratio to compute dust temperatures with some physical significance. Finally, as expected, the 24/70 µm temperature is very much higher, due to the contributions at 24 µm from transiently-heated grains and equilibrium emission from small regions with very warm dust (e.g., Draine et al. 2007 ).
We plot the 70/160 µm color temperature as a function of metallicity in Figure 5 . We find that, above a metallicity of ∼ 8, dust temperature is inversely correlated with metallicity, rising from 22 K near solar metallicity to 35 K near a metallicity of 8. Below that metallicity, the curve turns over, as the dust becomes cooler again.
Dust Masses
We compute dust masses using the standard formula and the absorption coefficients from Li & Draine (2001) . We use the 70/160 µm color temperature from Table 10 . The results are presented in Table 11 .
We compare the dust masses to HI masses compiled from the literature. The HI masses and references are summarized in Table 12 . The ratio of "HI gas" (hereafter, "gas") to dust mass as a function of metallicity is plotted in Figure 6 . Between solar metallicity to a metallicity of 8, there is a steep rise, roughly as Z −2.5 , in the ratio, or equivalently a steep decline in the dust mass. At lower metallicity, the gas/dust ratio flattens out.
In the same plot, we also show measurements of SINGS galaxies from Draine et al. (2007) , where we have adopted their atomic gas masses 7 but, to ensure we are comparing similar quantities, have recomputed the dust masses using the prescription above. Recomputing the dust masses makes little difference in this plot, as our dust masses are within a factor of 2 lower, on average, than those computed by Draine et al. (2007) . At moderate (Z ∼ 8.2) metallicity and below, we find similar gas/dust ratios for the galaxies discussed in this paper as for SINGS. Above that metallicity, the SINGS galaxies are offset below and/or to the left of the starburst galaxies in this plot. This is largely due to a difference in gas composition between the two samples, since the gas in the SINGS galaxies has a higher molecular fraction than the starbursts. The addition of the molecular gas to the gas mass will tend to move the SINGS galaxies closer to the starbursts in this plot.
Aromatic Features
Because many low metallicity galaxies are at or below the limit for high quality IRS spectra, in Engelbracht et al. (2005) we introduced a photometric approach to determining aromatic feature strength. Here, we update that approach and test it against the larger sample of spectra now available. We compute a photometric equivalent of the 7.7 µm aromatic complex (referred to hereafter as the 8 µm band) using a logarithmic interpolation of the stellar-subtracted 4.5 µm and 24 µm bands to estimate the 8 µm continuum, and the 8.0 µm band to trace the feature. The equation is:
where ∆ν(8 µm) is the bandwidth of IRAC band 4, 1.3 × 10 13 Hz, c is the speed of light, and λ ef f (8 µm) is 7.87 µm.
We compare the photometric measurement to the one derived directly from the spectra (ignoring equivalent widths below 1 µm as unreliable) and plot the results in Figure 7 . We see that there is a correlation between the photometric and spectroscopic measurements, confirming the conclusion in Engelbracht et al. (2005) for a reduction in the relative aromatic strength with reduced metallicity, particularly below a metallicity of 8.
Another way to prove the behavior of the aromatic features is to average spectra to achieve higher signal to noise. We have binned the spectra in metallicity and plotted the average spectra in Figure 8 . The continuum slopes do not depend strongly on metallicity, but the emission features do. In particular, the aromatic features steadily weaken with decreasing metallicity. However, within the signal to noise of the averaged spectra, there is no substantial change in the relative aromatic feature strengths -all of the transitions appear to weaken together. Also, the ionization levels increase, most obviously traced by the To explore what parameter affects the strength of the aromatic features, we plot the equivalent widths (EWs) vs radiation field hardness and metallicity (for galaxies with spectra only) in Figure 9 . We characterize the radiation field with a radiation hardness index, RHI, which is a combination of the [
ratios and provides a more sensitive indicator of the hardness of the radiation field than either ratio alone. Because the radiation hardness is judged from the IRS spectra, the measurements refer to similar regions in the galaxies (with, for example, only weak dependence on extinction). There are global trends in both plots that indicate a dependence of aromatic feature strength on both parameters. There is nonetheless substantial scatter (of an order of magnitude) in feature EW for a given radiation field. At the same time, there is substantial scatter (of an order of magnitude also) in the feature EW between metallicities of 7.9 and 8.4. The large level of scatter suggests that neither parameter alone controls the feature strength. This issue will be discussed further by Gordon et al. (2008, in preparation) .
Behavior of L(8 µm)/L(TIR)
Spitzer measurements of infrared excesses in highredshift galaxies are often reported for only the 24 µm band, because of its small beam (and hence low level of confusion noise) and high sensitivity. Between z ∼ 1.6 − 2.3, the aromatic features in the 8 µm region lie in the MIPS 24 µm band and enhance the detection of star forming galaxies. However, over this redshift range the star formation rates are then based on deriving L(TIR) from L(8 µm), so any systematic change in the relationship in these quantities from templates based on local galaxies will have implications for the calibration of the 24 µm data in terms of star formation. Rigby et al. (2007, in prep.) summarize indications for a systematic shift in L(8 µm)/L(TIR) for ULIRGs at z ∼ 2, away from values typical of local ULIRGs and toward the values typical of lower-luminosity local galaxies. They suggest this change may be due to lower metallicity in the high-z ULIRGs, which implies a substantial reduction in the amount of dust (see above) and hence a reduction in the optical depth of the star forming regions.
This suggestion can be tested with the current sample. Figure 10 shows the ratio L(8 µm) / L(TIR) as a function of metallicity. This ratio increases slightly from solar to ∼ 1/2 solar metallicity and then falls toward lower metallicity, with increasing scatter. It appears that the metallicities of luminous galaxies are reduced by a factor of 1.5 -2 relative to local analogs (Liang et al. 2004; Mouhcine et al. 2006; Rupke et al. 2007) . Therefore, the behavior in Figure 10 is qualitatively consistent with the reported change at z ∼ 2. Making a more quantitative comparison is not feasible because: 1.) the metallicity measurements at high redshift are subject to substantial errors; and 2.) our sample includes few galaxies with the large optical depths typical of local ULIRGs.
MID-INFRARED PEAKED SEDS
A major finding of this study is that the great majority of infrared-active star-forming galaxies of widely different characteristics (morphology, metallicity, etc.) have very similar behavior in the near, mid, and far infrared, with the exception of the strength of their aromatic features. The aromatic feature behavior also follows a trend controlled by the hardness of the radiation field and probably also influenced by the metallicity (beyond the effect of metallicity on the radiation field). In all these cases, the bulk of the total infrared luminosity (L(TIR)) is emitted in the far infrared, and the near infrared samples emission from a luminous population of cool, evolved stars.
Three galaxies (SBS 0335-052E, Haro 11, and SHOC 391) depart markedly from these trends, with 24 µm flux densities within a factor of two of those at 70 µm and very weak output in the near infrared. The latter two show the anomalous mid-to-far infrared behavior also in the IRAS data (e.g., Shupe et al. 1998; Schmitt et al. 2006 ), but it is confirmed here. The Spitzer data make the important addition of using a sufficiently small beam at 24 µm to associate the strong flux at that wavelength positively with the galaxies. We refer to these galaxies as Mid-IR Peakers (MIRPs), for which L(TIR) is dominated by the mid infrared. Figure 11 compares the average behavior of these galaxies with the range of SEDs of the other galaxies in this sample, to emphasize the dramatic difference. The behavior of MIRPs falls outside the parameter range usually explored in constructing infrared SED templates. Their aromatic feature equivalent widths are small, but within the trends for galaxies of similar metallicity. Similarly, their fine structure line ratios imply relatively hot radiation fields but are not very different from other galaxies of similar metallicity. Neither are their optical emission line characteristics particularly distinctive (e.g., and references therein). These galaxies also have relatively weak outputs in the near infrared. The star/dust transition wavelengths in them are near 2 µm (see Figure 3) . Thus, we have determined the stellar fraction in the J and H bands rather than K and 3.6 µm since from the SED shape these former bands are expected to be dominated by star light while still being relatively insensitive to extinction. Any additional uncertainties incurred by this procedure have a negligible effect on the dust properties, since the stellar fractions in the longer wavelength infrared bands are only a few percent at most.
Another well-studied galaxy with some similarities is II Zw 40, with a relatively strong 24 µm output and a weak near infrared one. This galaxy also shows little CO first overtone absorption at 2.3 µm, indicating minimal contribution to its weak near infrared output from evolved stars (Vanzi et al. 1996) . Starburst modeling shows that the characteristics of II Zw 40 can be explained only if it is the site of a very re-cent starburst, with age ∼ 4 Myr. There is a very rapid growth of NIR stellar luminosity beyond this age that quickly contradicts the observational constraints (Vanzi et al. 1996) Since the ratio of near infrared stellar luminosity to L(TIR) is similar for the MIRPs as that in II Zw 40, a similar situation must prevail for them. This sort of situation has been found previously for other low-luminosity, low-metallicity galaxies (e.g., Thompson et al. 2006) . However, it is interesting that the MIRPs have luminosity up into the LIRG range (1.4 × 10 11 L ⊙ for Haro 11). However, the youth of the starbursts in these galaxies does not necessarily explain their unique infrared SEDs. Indeed, there are a few other examples with similarly extreme IR SEDs, but not the extreme low-luminosities in the near infrared (Tol 65). The warm SEDs might be explained by the presence of AGN, but there is as yet no other evidence in favor of this hypothesis. It is difficult to take a standard model of the ISM and change the properties of the star-forming regions in a galaxy in a way that produces such extreme SEDs (see Dale & Helou 2002, Fig. 3 and accompanying discussion). It seems likely instead that the component of the ISM responsible for the very far infrared/submm output is either largely missing, or that for some reason it is not efficiently heated.
SUMMARY AND CONCLUSIONS
We present new infrared images and spectra, both from the Spitzer Space Telescope and from the ground, for a sample of 66 star-forming galaxies. The sample spans a wide range of metallicities, from the lowest known in a star-forming galaxy to near solar. The imaging covers the range from 1 µm to 180 µm, while the spectra cover 5 µm to 40 µm. These observations represent the first detections of dust emission from some of the lowest metallicity star-forming galaxies known, including the current record holder SBS 0335-052W.
We perform photometry on the images to compute spectral energy distributions (SEDs). We demonstrate that, with a few exceptions, the SEDs of the galaxies are very similar in the near infrared, where they are dominated by stellar emission, and the far infrared, where they are dominated by emission from dust in thermal equilibrium. The transition from stellar to dust emission occurs around 4.5 µm, with little scatter for galaxies with a metallicity [12 + log(O/H)] above 8. The scatter in this transition wavelength increases considerably at low metallicities. The SEDs exhibit a strong metallicity dependence in the mid infrared, largely due to changes in the strength of the aromatic features.
We use a variety of simple models to derive the fraction of emission due to stars in the mid infrared, particularly in the IRAC bands at 4.5 µm, 5.8 µm, and 8.0 µm. While this fraction is a relatively constant 70% at 4.5 µm, it has a strong dependence on metallicity at 8.0 µm, where it ranges from 4% in metal-rich galaxies to 30% in the lowest-metallicity galaxies, reflecting the lower dust content and weak aromatics in these galaxies.
We confirm previous evidence for a substantial reduction in aromatic feature strengths below 12+log(O/H) ∼ 8.2, and also with increased radiation hardness. The scatter in the aromatic EWs against both metallicity and radiation hardness implies that this reduction is not controlled by a single parameter, but probably by some combination of effects.
We compute dust properties (temperature and mass) for each galaxy. We find an anticorrelation between dust temperature and metallicity, with equilibrium dust temperatures of ∼ 23 K near solar metallicity up to 40 K at low metallicity ∼ 8, and then falling temperatures with further reductions in metallicity. The derived dust masses span over 8 orders of magnitude, from one-tenth of a solar mass to over 50 million solar masses. They exhibit a very steep dependence on metallicity, as ∼ Z −2.5 down to Z ∼ 8 but have a much weaker dependence for Z < 8. The change in dust behavior in terms of aromatics, far infrared color temperature, and dust/gas mass ratio all near Z = 8 indicates that there near this metallicity there is a general modification of all components of the interstellar dust that dominate the infrared emission.
We show that the ratio L(8 µm)/L(TIR) increases with decreasing metallicity from solar to about 50% solar and then decreases with further reductions in Z. This behavior is important for interpretation of 24 µm measurements of star forming galaxies at redshifts z ∼ 2, since the signals for them are dominated by aromatic emission and it is likely that they have lower metallicity than is typical of local template galaxies.
We find 3 galaxies, SBS 0335-052E, Haro 11, and SHOC 391, that have anomalous far infrared spectral energy distributions, with weak emission near 70 µm and an SED that is dominated energetically by the mid-IR near 24 µm. In addition, they have weak stellar outputs in the near infrared and are dominated by dust emission down to wavelengths as short as 2 µm. This latter behavior indicates that they are the sites of very young dominant star forming episodes. Their metallicities tend to be low, but not different from other galaxies with behavior much more similar to the majority of infrared-active galaxies. It appears that the dust responsible for the far infrared emission in most galaxies is either absent, or not efficiently heated in these three objects. They are interesting targets for further study since they represent an extreme state of the ISM.
This work is based in part on observations made with the Spitzer Space Telescope, which is operated by the Jet Propulsion Laboratory, California Institute of Technology under NASA contract 1407. This research has made use of the NASA/IPAC Extragalactic Database (NED) which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration. Support for this work was provided by NASA through Contract Number 1255094 issued by JPL/Caltech. References.
- (1) + temperature was predicted using the relation given by Garnett (1992) , and the total oxygen abundance was subsequently computed as O/H = O + /H + O ++ /H using the electron density derived from the [S II] λλ6716, 6731 doublet ratio (Shaw & Dufour 1995) . When multiple abundance estimates were available, we adopted the mean and the standard deviation of all the measurements as the final metallicity and error, assuming a minimum uncertainty of 0.05 dex in the Te method.
b See §2 for details about how distances for the sample were computed.
c Emission-line fluxes for these objects were not given; therefore, we adopted the published oxygen abundances and errors.
d Unfortunately, the auroral [O iii] λ4363 line in these objects was not detected; therefore, to estimate the oxygen abundance we use two different strong-line calibrations empirically tied to the electron temperature abundance scale. e For these objects no individual H ii regions have been observed; therefore, we applied the same methodology described in the preceeding footnote to the integrated emission-line fluxes published by Moustakas & Kennicutt (2006) . Note. -The uncertanties listed in the table are the root-sum-square of the scatter in the counts (taken from the data), the calibration uncertainties (cf. Reach et al. (2005) , Engelbracht et al. (2007) , Gordon et al. (2007) , and Stansberry et al. (2007)), and confusion noise (Dole et al. 2004) , while upper limits indicate galaxies that were not detected. a This object is blended with NGC 541 at 160 µm; the error bar has been increased accordingly.
b This object nearly fills the field of view at 70 µm; based on a comparison of different background subtraction techniques, we have increased the uncertainty by 5%. 4.77E−2±4.94E−3 5.18E−2±5.51E−3 4.57E−2±4.99E−3 9 <1.64E−1 3.16E−1±4.95E−2 2.64E+0±2.82E−1 4.47E+0±5.60E−1 NGC 2537 1.67E−1±1.73E−2 1.83E−1±1.91E−2 1.49E−1±1.58E−2 9 1.51E−1±3.53E−2 3.64E−1±5.06E−2 3.27E+0±3.01E−1 6.45E+0±8.08E−1 He 2-10 1.78E−1±1.82E−2 2.01E−1±2.07E−2 1.68E−1±1.75E−2 9 1.18E+0±1.32E−1 6.78E+0±7.21E−1 2.34E+1±2.86E+0 2.63E+1±3.91E+0 NGC 3628 2.16E+0±2.23E−1 2.87E+0±2.99E−1 2.49E+0±2.59E−1 9 3.05E+0±7.77E−1 5.89E+0±1.54E+0 4.90E+1±1.27E+1 1.22E+2±3.33E+1 NGC 3079 6.71E−1±6.89E−2 9.00E−1±9.29E−2 8.32E−1±8.60E−2 9 1.49E+0±1.06E−1 2.55E+0±2.20E−1 4.49E+1±4.14E+0 8.92E+1±1.08E+1 NGC 2782
1.93E−1±1.98E−2 2.30E−1±2.36E−2 1.89E−1±1.95E−2 9 5.08E−1±5.24E−2 1.54E+0±1.52E−1 8.72E+0±9.93E−1 1.46E+1±1.76E+0 Note. -A wavelength-dependent emissivity, β, of -2 was used in all cases. The uncertainties were derived by propagating the photometric uncertainties via a Monte Carlo technique (cf. § 4.3) Fig. 1 .-Infrared Spectral Energy Distributions (SEDs) of starburst galaxies. The panels are arranged in order of increasing metallicity, left to right and top to bottom. Where measurements in MIPS bands 2 and 3 are available, we have chosen an SED model as described by Dale & Helou (2002) . Fig. 2. -Normalized, averaged infrared SEDs for 5 metallicity bins containing approximately 10 galaxies each. The SEDs of three galaxies which peak in the MIR (SBS 0335-052E, Haro 11, and SHOC 391; see § 5) have not been included in any of the bins. The inset indicates the average metallicity of each bin. Fig. 3. -The ratio of Hα luminosity to TIR is plotted against the transition wavelength (the wavelength at which the transition from stellar to dust emission occurs) in the left panel and against metallicity in the right panel. The ratio predicted by the relations of Kennicutt (1998) is marked by a dotted line. See § 3.1 for details. We have labelled outliers on the plot. Fig. 6 .-Mass ratio of atomic gas (i.e., H 2 has been excluded) to dust, plotted as a function of metallicity. Masses and metallicities are taken from Tables 11 and 1, respectively. The SINGS data are taken from Draine et al. (2007) , where the dust mass has been computed as described in §4.4. Fig. 7 .-Equivalent width of the 7.7 µm aromatic complex measured photometrically plotted against the equivalent width measured spectroscopically (see § 4.5). The error bars are propagated from the uncertainties on the photometric and spectroscopic data points. Not included in the plot are galaxies known to contain an AGN (NGC 3367) or whose strong silicate absorption renders the measurement of the 7.7 µm aromatic complex highly uncertain (NGC 3079, NGC 3628, NGC 2146) . The solid line is plotted at phot. = spec. and is a reasonable fit to the data. We have labelled outliers on the plot. Table 7 ) plotted as a function of radiation field hardness (measured using Ne and S lines from Table 7 ) on the left and as a function of metallicity (from Table 1 ) on the right. Not included in the plots are galaxies known to contain an AGN (NGC 3367) or whose strong silicate absorption renders the measurement of the 7.7 µm aromatic complex highly uncertain (NGC 3079, NGC 3628, NGC 2146) . We have labelled outliers on the plot.
